Abstract A process of advanced oxidation treatment discussed here has been developed in the last seven years. A technical plant for treatment of paper mill wastewater started operation in 1999. Advanced oxidation treatment is defined here as a combination of chemical and biochemical oxidation applied to a completely biodegraded effluent. The process is a combination of ozonation with following biodegradation in a biofilm reactor. The combination makes use of the effect of partial oxidation in which with reduced use of expensive chemical oxidants persistent COD becomes biodegradable. A far-reaching elimination of AOX, colour and other disturbing substances like complexing agents is achieved simultaneously. The partially oxidized compounds, now biodegradable, are eliminated in a following biofilm reactor. Using single-stage systems, COD elimination rates of up to 60% are achieved with 0.4 to 1.0 g ozone per g COD eliminated in the combined process. With a two-stage system COD elimination of 85% with 0.65 g/g has been achieved in pilot tests. The quality of the treated effluent suits fresh water requirements for most types of paper production, so that either a total closure of the water circuits or -due to increasing concentrations of electrolytes, which are not eliminated by this process -a substantial closure to about 20% of the original amount of fresh water can be achieved.
Introduction
Paper mills in the last 30 years have been successful in decreasing the specific amount of wastewater, for example in Germany from an average of 46 m 3 /t in 1974 to 11 m 3 /t in 2001 (76% reduction). However, with the conventional means used up to now this development has now come to an end (Möbius, 2002) . The means for a substantial further decrease of the specific amount of wastewater in mills having already reached this stage -which often is the case in central Europe -are either internal measures of treatment for reuse (kidney technology) or external advanced treatment (tertiary treatment) with reuse of a substantial part of the treated effluent for production (Helble and Möbius, 2000) . The reuse may either lead to a specific amount of wastewater of about 2 to 4 m 3 /t or to a closed system with no effluent and about 1.5 m 3 /t of freshwater (adequate to the evaporation in the drying section of the paper machine).
A process of advanced oxidation discussed in this paper has been developed in the last seven years. A technical plant for treatment of paper mill wastewater started operation in 1999, so far without reuse of the treated effluent. Advanced oxidation treatment is defined here as a combination of chemical and biochemical oxidation applied to a completely biodegraded effluent. The process is a combination of ozonation with following biodegradation in a biofilm reactor (so far wastewater biofilters of the upflow type have been preferred). It is meant to be used following a low loaded activated sludge reactor which, in the paper industry generally, will be the second stage of a multistage biotreatment plant. The combination of partial oxidation with low amounts of ozone with a subsequent biotreatment is ecologically preferable and allows economic optimization. The process used here is the combination of chemical and biochemical oxidation by application of ozone plus wastewater biofilters. The combination makes use of the effect of partial oxidation in which, with reduced use of expensive chemical oxidants, persistent COD becomes biodegradable. A far-reaching elimination of AOX, colour and other disturbing substances like complexing agents is achieved simultaneously.
The partially oxidized compounds, now biodegradable, are eliminated in a following bioreactor. Due to the relatively low concentrations of biodegradable compounds following the partial oxidation for the subsequent biotreatment, only biofilm reactors can be used. The tertiary biofilters (Möbius, 1999) used in these applications today are the only biofilm systems tested for this purpose and appear to be the best suited type of reactor. The combination has to be optimized technically and economically to achieve best possible results with minimum costs. A schematic presentation of this process is given in Figure 1 .
The efficiency of the process depends on the optimum ozone input in order to achieve maximum BOD/COD ratio (see Figure 2 ). Once this is achieved, maximum COD elimination in the subsequent biofilm reactor will result (Möbius, 1999) . Figure 3 shows the system of a typical plant with advanced treatment and reuse in a schematic way.
It has been shown that in order to obtain the best results with lowest ozone input it is essential to locate the oxidation process in the gas-liquid interface (Helble et al., 1999; Liechti et al., 2003) . This, however, still has to be proven in technical plants.
A technical plant using the ozone-biofilter technique has been operated since 2000 (Schmidt et al., 2001 ), but so far without recycling treated effluent to the production. Figure 2 Optimization of ozone input to achieve maximum biodegradability Depending on the type of production, the advanced oxidation process may be sufficient even for far reaching recycling, generally speaking up to 80%. For certain types of specialty paper production the possibility for recycling treated effluent to the production following the chemical-biochemical oxidation process may be limited down to about 30% without a further elimination of electrolytes, in our example in Figure 3 done by nanofiltration including the necessary pretreatment.
Quality requirements for recycling of treated effluent
Generally speaking, the requirements for recirculation of treated effluents in paper mills, of course, depend on the grade of reuse striven for. But far more than that, they are dependent on the type of production. Chances for high rates of reuse would be much better, if it would be possible to distribute the recycled water directly to certain points of water consumption without a high direct influence on paper quality. This, however, in most cases is not possible, since the construction of the necessary distribution lines would be much too expensive. So we have to aim for a water quality which is suitable to add to the fresh water and replace a substantial part of it.
For certain types of packaging paper production biological treatment is already sufficient for this purpose (Bülow et al., 2003) . However, for most types of papers, especially almost all types of printing grades, this seems not to be sufficient for a reuse of, say, about 20 to 30%. Requirements for a reuse grade of up to about 80% would be: very low concentration of easily biodegradable organics (BOD), causing increased growth of microorganisms (slime); fairly low concentration of recalcitrant organics (persistent COD); fairly low micro-organism counts; low concentration of suspended solids; no colour.
Results
High elimination rates of persistent COD, AOX and colour are achieved with the described process of advanced oxidation. Using single-stage systems, COD elimination rates of up to 60% are achieved with 0.4 to 1.0 g ozone per g COD eliminated in the combined process. With a two-stage system COD elimination of 85% with 0.65 g/g has been achieved in pilot tests. Figure 4 gives the experimental results of a two-stage system for advanced oxidation treatment following a low loaded activated sludge treatment. The two-stage system for advanced oxidation treatment will be used in the rare cases, where the persistent COD after biotreatment still is so high, that a single-stage system for advanced treatment is not sufficient to obtain a quality sufficient for reuse of the treated effluent.
It has to be highlighted, that the initially, following conventional biotreatment, very intense colour (brownish, due to residual lignin compounds, being increased in biological stage) is decreased to negligible intensity in the second oxidation stage, with no increase in the following biotreatment. So this is a way to decolorize even very intense coloured wastewater for reuse in the production. The quality of the treated effluent suits fresh water requirements for most types of paper production, so that either a total closure of the water circuits or, due to increasing concentrations of electrolytes, which are not eliminated by this process, a substantial closure to about 20% of the original amount of fresh water can be achieved, as has already been shown for some major product lines.
Even chemical additives used in production, like optical brighteners, complexing agents or wet strength additives, which may cause trouble with other types of production when still active in the recycled effluent, will be oxidized with ozone.
The costs of the ozone-biofilter process are not as high as might be expected: operation costs for a single-stage plant will be €0.05 to €0.2 per m 3 of effluent treated, depending on the type of wastewater as well as the size and technical standard of the plant.
Conclusions
A quite new, but industrially proven, process of tertiary advanced oxidation for paper mill wastewaters delivers an effluent quality suitable for a substantial reuse in the paper production process, which has not been realized so far.
The process of chemical-biochemical oxidation, which may be enhanced in efficiency by using it as a two-stage process, will give a quality of treated effluent good enough for 80 to 100% reuse, depending on the type of production. Only in some rare cases, where the electrolyte content of the recycled effluent would be a handicap, a membrane treatment stage (i.e. nanofiltration) for (partial) desalination would have to be added to the advanced oxidation treatment stage. In this case, the separated salts and the rest of the organic matters remain in the concentrate which, due to the far reaching chemical-biochemical oxidation of the organic matters, can be discharged directly into the receiving river. The step-by-step extension, optimising each tertiary stage, seems to be cost effective. 
